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ABSTRACT
Identification and protection of groundwater resources are considerations of increasing interest as
climate shifts but can be challenging to accomplish in remote areas. To that end, a series of GIS
techniques and weight of evidence approach were applied to determine the feasibility of remotely
identifying likely areas of ground discharge. Through the confluence of topographic analyses and
a novel geologic dataset, these techniques were found to consistently identify areas characterized
by either shallow subsurface or aquifer-fed groundwater discharge or evidence of ephemeral
surficial water features. Two distinct GIS techniques to build spatial proxies of the effects of
topography and geology on the groundwater flows throughout a region to reasonably estimate
groundwater discharge locations. The use of topographically-derived layers including a
combination of Flow-Weighted Slope and Drainage Lines was found to be most useful in locating
shallow hillslope discharge while a geological layer was found to be necessary in locating deeper,
aquifer-fed discharge. Utilizing both methods allowed both categories of groundwater discharge
to be accounted for and located remotely. These data layers were compiled into a geodatabase
given to stakeholders in the region to enable land and resource managers to most effectively protect
the groundwater resources of the region moving forward.

vi

INTRODUCTION
Groundwater inputs to a surface water ecosystem can play a vital role in the sustainability
of that ecosystem by contributing to streamflow, moderating stream temperature, and providing
nutrients to streams (Haitjema & Mitchell-Bruker 2005). Surface water features tend to form in
topographic lows within a landscape, often below the regional water table where they may receive
inflows from groundwater in the form of springs or seeps. These groundwater-fed ecosystems
facilitate a number of functions to the landscapes in which they reside, such as providing and
maintaining habitats for plant and animal species (Hatton & Evans 1998, Hayashi & Rosenberry
2002, Winter 2007, Callahan et al. 2015).
Since groundwater inputs act as controls on physiochemical properties of surface waters,
they therefore influence which ecological functions certain surface water bodies can perform, such
as the regulation of stream temperature, nutrient transport, and baseflow provision (Hunt, Strand,
& Walker 2006, Winter 2007). Consequently, reduced groundwater levels in a region can lead to
surficial waters no longer being able to perform critical ecological functions (Hatton & Evans
1998, Hayashi & Rosenberry 2002, Winter 2007, Walker et al. 2012, Whigham et al. 2012,
Callahan et al. 2015). These functions include not only facilitating the uptake of nutrients by plants
surrounding and within the stream (Cummins 1974), and the breakdown of organic matter
(Webster & Benfield 1986), but also providing suitable habitats for fish, which are highly sensitive
to changes in ecosystems (King et al. 2012, Whigham et al. 2012, Callahan 2015).
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Due to the importance of groundwater to stream- and subsequently fish- health, a reduction
in its contributions to surface waters and a subsequent reduction in stream capacity could
drastically reduce fish populations. This would in turn harm human communities economically
dependent on fish and fishing. The current project is focused on one such community, the Kenai
Peninsula Lowlands in south-central Alaska, whose economy is largely dependent on the salmon
fishery industry (King et al. 2012, Alaska Seafood Marketing Institute 2017). Currently, enough
groundwater enters into the streams to sustain salmonid populations. As the area continues to be
developed, however, groundwater is being disrupted by human activities, leading to a growing
concern that many groundwater-fed streams will cease to be suitable salmon habitats (Beschta et
al. 1987, Coutant 1999, Walker 2007, King et al. 2012, Callahan et al. 2015).
Human activities affect groundwater levels by decreasing the supply of groundwater
through pumping/removal, and by decreasing the amount of recharge to aquifers through means
such as paving over permeable surfaces and rerouting precipitation (Panda et al. 2007, Wagener et
al. 2010, Rotiroti et al. 2019). As these alterations occur, the groundwater levels in a region usually
decrease, causing their contributions to surface waters similarly to decrease or even stop
completely (Smedt & Batelaan 2003, Ashraf et al. 2017). Therefore, to mitigate subsequent
harmful effects to the surficial waters, conservation efforts should include ensuring that
groundwater systems are not depleted or significantly degraded by human activities. A necessary
first step must be to locate the areas of groundwater discharge (i.e., seeps and springs). As these
areas are not typically easy to identify on a large scale, it is the goal of this project to develop a
technique using publicly-available data to predict groundwater locations.
There is great interest in the Kenai Lowlands in protecting and preserving the fish
populations, particularly salmon, and by extension, the groundwater that secures their habitats, due
2

to the fact that in 2015 – 2016, the fishing industry employed roughly 11,000 people in the
Southcentral Alaska region, which includes the Kenai Lowlands, providing $342 million in labor
incomes to the region. The region accounts for roughly 9% of all of Alaska’s fish harvesting and
processing each year, and 36% of Alaska’s resident commercial fishermen live in this area, more
than in any other region (Alaska Seafood Marketing Institute 2017). The importance of the fishing
industry creates a local desire to protect fish in the region, which has been increasingly understood
to mean protecting headwater streams and the groundwater discharging into them (Walker et al.
2007, King et al. 2012). Salmonids in the Lower Kenai Peninsula rely heavily on groundwater
contributions to streams, particularly the juvenile fish. This is because groundwater contributions
to streams have a moderating influence on stream temperatures, lowering them in the summer and
raising them in the winter, even preventing water from freezing in colder climates, making areas
of groundwater discharge ideal overwintering locations for juvenile salmonids which are
particularly sensitive to low temperatures (Callahan et al. 2015). Additionally, groundwater
discharge provides nutrients to the streams, enriching the vegetation and providing the resident
fish with food. Finally, in many locations, stream flow is highly dependent on groundwater
discharge during the winter months and may significantly decrease if the groundwater
contributions are impeded, which would endanger fish species that spawn and overwinter in
headwater streams before traveling to the ocean (Beschta et al. 1987, Coutant 1999, Walker 2007,
King et al. 2012, Callahan et al. 2015). Thus, conservation efforts in the Kenai Peninsula need to
include characterization and location of groundwater sources. However, because of the large size
of the study area (nearly 700 square miles), as well as the inaccessibility of much of the land,
traditional field methods of locating groundwater discharge points are not cost-effective. In this
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project, I use a combination of public data and GIS tools to develop a set of products to
highlight areas where seeps and springs are likely to be present.
Controls of Groundwater Discharge
Groundwater discharge occurs where there is a confluence of multiple external factors,
including the climate, topography and geology of the region (Devito, Hill, & Roulet 1995, Winter
1999, Haitjema & Mitchell-Bruker 2005). These controls can be observed and used to determine
areas that are highly likely to contain groundwater discharge. Within the Kenai Peninsula, climate
is relatively consistent, and can be assumed to be uniform in its effects on groundwater presence
and location (Walker et al. 2012, Callahan et al. 2015). Therefore, the two primary factors affecting
the groundwater of the region are geology and topography. With an understanding of the geology
of the region, the outcropping aquifers can be located, and through an understanding of the surface
flow in the region, the shallow groundwater flow can be modelled. As geology and topography
exert great influence over the discharge locations and characteristics of groundwater, and since
traditional methods of locating groundwater discharge are difficult to apply to the Kenai Lowlands,
this study aims to utilize GIS techniques and publicly available data to analyze the geology and
topography of the region and predict locations of discharge areas. Prior to this project, GIS-based
groundwater locating methods, including Flow Weighted Slope (FWS) and Topographic Wetness
Index (TWI) calculations, had been utilized within the study area for groundwater analyses on
hillslopes. However, these approaches had been implemented traditionally only at the catchment
scale, not over an area as large as the roughly 700 square mile region of the Kenai Peninsula.
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Previous Work
Previous studies have attempted to utilize GIS proxies of geology and topography in order
to highlight high probability locations of groundwater discharge and/or recharge in remote areas.
For example, Senanayake et al. (2016) used a number of data layers in a weighted-overlay analysis
to highlight potential groundwater recharge zones in Hambantota, Sri Lanka. The researchers used
a combination of rainfall, lineament density, slope, drainage density, land use/land cover,
lithology, geo-morphology and soil type layers to identify locations of groundwater recharge.
Similarly, GIS techniques, as well as remotely sensed imagery, were employed by Tweed et al.
(2006), to locate groundwater discharge regions in the Glenelg-Hopkins catchment in southeastern
Australia. Their study utilized digital elevation models (DEMs) in order to identify potential
groundwater discharge points, specifically at topographic depressions and breaks in slope
throughout the region. This was achieved through a modified wetness index which highlights
potential saturation zones at the bottom of concave slopes. Breaks in slope were also identified
and used in an attempt to predict groundwater discharge. The breaks in slope were identified
through the utilization of the ArcMap profile curvature tool, which assigns positive values to
concave pixels and negative values to convex pixels. The study assigned a user-defined threshold
of 0.01 to signify the pixels which identify breaks in slope, and attempts used those to predict
groundwater discharge. However, Tweed et al. found that the break-in-slope method was not as
accurate for mapping discharge as the modified wetness index, illustrating the importance of
identifying topographic depressions for predicting groundwater discharge.
GIS techniques have been used for other hydrological investigations of groundwater
recharge and discharge locations, such as the morphometric analysis conducted by Waikar and
Nilawar in 2014 of Charthana, India. Their study utilized GIS to delineate and analyze the
5

morphometric patterns of streams based on remotely-sensed data and topographic maps. This
technique of using topography to generate a layer of flowlines indicating how water would drain
off a land surface was utilized in the current project. Morphometric analysis was also used by
Suresh et al. in 2018 in their study of the Neyyar river basin in India. They combined a number of
previously-mentioned techniques, not only utilizing morphometric analyses, but also weightedoverlay analyses and remotely-sensed imagery to identify potential recharge zones, showing a
more complete version of what a recharge analysis would look like (Suresh et al. 2018). However,
as in the work of Senanayake et al. (2016), this morphometric analysis was aimed at finding
recharge locations and not discharge points, making its techniques less applicable to the current
study.
More relevant to this research is the work done by Byrdsten (2006). That study utilized
GIS techniques to predict both likely groundwater recharge and discharge zones based solely on a
DEM data layer. It found that while topography was a fairly good indicator of likely groundwater
recharge and discharge locations, geology had a significant enough effect on groundwater behavior
that it would need to be incorporated to make accurate predictions about discharge locations
(Byrdsten 2006). Though many of these methods were not directly applicable to this research, they
provided a solid foundation of utilization of GIS data and techniques to create groundwater proxy
models for hydrological work to build on for this study.
In particular, this study builds upon work already done in the Kenai Peninsula utilizing GIS
technologies to investigate groundwater. Callahan et al. (2015) used a topographically-derivative
GIS technique called Flow-Weighted Slope (FWS) as a correlate for water temperature along
streams throughout the Kenai Lowlands. They observed the effects that varying geomorphologic
and hydrogeologic characteristics of valleys exerted upon the temperatures of the stream segments
6

flowing through them. They found that groundwater contributed greatly to the baseflow of the
streams, and that the characteristics that determined its discharge mechanisms varied spatially with
temperature. Callahan et al. (2015) hypothesized that because FWS utilizes both watershed slope,
which correlates with hydraulic gradient, and potential water accumulation area, FWS could be
used as an indicator of groundwater discharge (Callahan et al. 2015).
FWS had also been used by Walker et al. (2012) as a correlate for stream chemistry, and
by King et al., 2012, as a correlate for macroinvertebrate diversity. Walker et al. (2012) utilized
not only FWS, but also Wetx (another term for the TWI equation) and Slope (the averaged slope
of each catchment), two other topography derivatives, as metrics to represent the landscape setting
of their sample sites in a GIS interface. FWS was found to be a strong indicator of stream
chemistry, which was thought to be the result of areas with high FWS values (greater than 6%)
likely corresponding to groundwater discharge zones, driven by high hydraulic-head gradients
(Bellino 2009, Walker et al. 2012). Both Wetx (TWI) and Slope were found to be significant
predictors for several response variables, but neither were as consistently indicative as FWS
(Walker et al. 2012).
King et al. (2012) analyzed the same three landscape variables as Walker et al. (2012) as
indicators of macroinvertebrate and fish community structure (King et al. 2012). While FWS was
deemed to be the predictor most strongly correlated with the response, the other two indicators
were only marginally weaker. Combining previous work done in the region emphasizing
groundwater’s impact on fish health with FWS’s ability to serve as an indication of groundwater
discharge, an approach using Wetx (or TWI) as well as FWS promises to more accurately predict
groundwater discharge locations (King et al. 2012, Callahan et al. 2015, Callahan et al. 2017). This
study, therefore, not only utilizes topographic data in order to calculate FWS and TWI as
7

proxies to represent estimated groundwater flow, but additionally incorporates geological
data to create data layers that estimate the locations of aquifers and aquifer outcrops
throughout the study region. A methodology which incorporates these layers in order to predict
locations of likely groundwater discharge was then developed. The created data layers and a
description of the groundwater-locating methodology were compiled into a geodatabase for use by
land and resource managers in the Kenai region, in order to better protect their groundwater
resources moving forward. While previous studies have used either FWS or TWI or a combination
of the two to locate groundwater discharge, they were limited in scope to discharge from
unconfined shallow aquifers and operated on the scale of single hillslopes. In contrast, this study
utilizes not only FWS and TWI, but also develops a novel geological layer to identify locations
where groundwater discharge from either unconfined shallow aquifers or deeper confined aquifers
are likely to occur across the entire region.
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METHODS
Site Description
The study area for this work is a section of the Lowlands of the Kenai Peninsula located in
central southern Alaska, between the Kachemak Bay and Cook Inlet, west of the Kenai Mountains
(Figure 1). This is a wide, fairly flat area, comprised mainly of glacial till, the result of multiple
glaciations (Karlstron 1964, Callahan et al. 2015). The climate of the peninsula is transitional from
maritime to coastal and consists of short summers and long winters, with an average temperature
between 2.5 and 3.1 degrees Celsius (King et al. 2012). On average, the region receives between
500 to 600 mm of precipitation annually, with the majority occurring during the autumn and
roughly 20-30% of the precipitation falling as snow (Shaftel, King, & Back 2011, Callahan et al.
2015).
The geology of the Kenai Peninsula is comprised of multiple glacial deposits overlying
Tertiary bedrock (Callahan et al. 2015, Whigham et al. 2017). The glaciations that created the
topography of the area also left behind a complex geomorphology throughout the region (Walker
et al. 2012, Whigham et al. 2012). The soils are generally permafrost-free, poorly-drained silt or
silt-clay loams underneath an organic soil layer, interlayered with peat and coal seams (Callahan
et al. 2017, NRCS Soil Survey Staff, 2019). The Peninsula’s water tables are mostly shallow, often
only 1 or 2 meters below the land surface. Wetlands are common, covering roughly 43% of the
area, and are associated with the complex geomorphology created by the glacial history of the area
(King et al. 2012, Whigham et al. 2012, Callahan et al. 2015, Whigham et al. 2017).
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Figure 1. Location of project study area (black outlined box on main map) in the Kenai Peninsula.
Figure modified from Callahan et al., 2015.
The Kenai Peninsula is characterized by numerous streams cutting through it which flow
west out to the Cook Inlet (Shaftel, King, & Back 2010). Groundwater adds to these streams
throughout their lengths and accounts for roughly half their flow. These groundwater inputs
provide flow, nutrients, and temperature modulation to the stream, and have been shown to be
10

integral to the streams’ suitability as salmon habitats (Callahan et al. 2015). The rivers in the Kenai
Lowlands support several species of salmon including Chinook (Oncorhynchus tshawytscha),
coho (O. kisutch), and pink (O. gorbuscha), as well as Dolly Varden char (Salvelinus malma) and
steelhead trout (O. mykiss) which are heavily fished recreationally and commercially, both in the
rivers and in maritime waters (King et al. 2012, Walker et al. 2012). Juvenile salmon are found in
the headwater streams year-round, making the streams key spawning and rearing habitats for an
estimated quarter million salmonids (Walker et al. 2012, Whigham et al. 2017).
Overall Approach
In order to create a geodatabase capable of identifying areas of likely groundwater
discharge, geospatial representations of the controls on groundwater discharge had to be obtained,
analyzed, derived, and created. The existing data used in this project were obtained from two
sources: elevation data, surface hydrology, landcover, and human impact data were provided by
the Kachemak Bay National Estuarine Research Reserve (KBNERR, March, 2018) and the Well
Log Tracking System (WELTS) maintained by the State of Alaska Department of Natural
Resources (DNR) (Alaska Department of Natural Resources, Oct 2018). From these data layers, a
series of products were created to represent the controls on groundwater discharge within the Kenai
Peninsula.
Creating Data Products
The elevation data provided by the KBNERR was in the form of a 4x4 ft (1.2x1.2 m) pixel
DEM. The first step was to remove/nullify areas of the raster that were below the estimated sea
level at the time of data collection, as this was felt to provide a more appropriate input layer for
watershed and drainage network delineation. The estimated water level was 10 feet (3.05 m),
11

therefore all elevation values less than 10 ft (3.04 m) were converted to nodata/NULL. As further
calculations were found to have computation times that were unacceptably long (multiple days)
when run on the 4x4 ft (1.2x1.2 m) pixel DEM, it was necessary to select a coarser pixel resolution.
Because of the scale of the features being analyzed, a 10x10 ft (3.04x3.04 m) pixel DEM was
found to provide acceptable accuracy, and the raster was resampled for ease of computation. All
further calculations used this modified 10x10 ft (3.04x3.04 m) pixel DEM with only values above
10 feet. Using this modified and resampled raster, a contour map of 20 ft (6.09 m) intervals was
generated using the ArcGIS Contour tool for visualization of topography and further analysis. In
addition to the Contour Analysis, Hillshade, Slope, Standard Curvature, Planform Curvature, and
Profile Curvature analyses were also conducted, using their respective ArcGIS tools, in order to
better visualize topography. A detailed illustration of the process used to create these layers can
be found in Appendix A.
The modified DEM was next used to delineate watersheds within the study area, using a
suite of the ArcGIS ArcHydro tools (Djokic, Ye, & Dartiguenave 2011). First the ArcHydro Fill
Tool was run on the DEM, creating a “depression-less” DEM with any erroneous low-elevation
points that might affect an interpretation of how water would move across the area removed from
the image. The depression-less DEM was then used as the input for the Flow Direction ArcHydro
tool, which used a d-8 flow direction calculation to create a raster representing the direction a
parcel of water originating in each pixel would flow by analyzing changes in elevation. The
generated Flow Direction raster was then used as an input to the ArcHydro Flow Accumulation
tool, which took the generated directions to identify pixels in which water accumulates and
calculated how many pixel’s worth of water would accumulate in each pixel.
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Once the Flow Accumulation raster was created, the ArcHydro Stream Definition tool was
used to identify pixels with a high enough accumulation value to be designated as streams. Since
flow accumulation values are calculated using the number of upstream pixels, they are inversely
proportional to the pixel size of the DEM. Studies performed using DEMs with smaller pixel sizes
would have much higher flow accumulation values, meaning that the stream-definition threshold
is unique to each project. In this study, a user-specified minimum accumulation value of 2,000 was
found to give results consistent with field observations. The layer generated by the Stream
Definition tool using this accumulation value was used to illustrate the flowlines both on the
surface and in the shallow subsurface of the study area.
The generated Stream Definition-based Flowline layer was then combined with the
previously-generated Flow Direction layer using the ArcHydro Stream Segmentation tool in order
to create a Stream Link layer, which assigns a unique value to each stream segment, between the
confluence of two segments. The pixels around each stream are then separated into catchments
using the ArcHydro Catchment Grid Delineation tool, which generates a raster in which each cell
has a value (grid code) corresponding to the catchment to which the cell belongs, indicating which
stream is responsible for draining each pixel. The Catchment Grid was then converted into a
Polygon Feature class using the ArcHydro Catchment Polygon Processing tool. This Polygon
Feature class was then combined with the Drainage Line Feature class (derived from the Stream
Link layer), in order to assign each line in the feature class the identifier of the catchment in which
it resides, using the ArcHydro Drainage Line Processing tool. Finally, the ArcHydro Adjoint
Catchment Processing tool was used to generate the Aggregated Upstream Catchments from the
Catchment Feature Class. The largest catchments were selected to represent each of the major
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watersheds, combining to represent the whole of the watershed study area. This process is also
shown visually in Appendix A.
Once these various layers were created, they were used as inputs to a series of calculations
to determine Flow Weighted Slope (FWS, equation 1). FWS is a metric that uses the watershed
area contributing to a given flow path and the slope associated with that path to express surface
and shallow sub-surface flow. FWS is defined per catchment as:
FWS = ∑(βi* FACi) / ∑(FACi)

[1]

where βi is the slope (in percent) at a particular pixel, FACi is flow accumulation for that pixel,
and ∑ is the summation of all pixels within the catchment area (King et al. 2012, Walker et al.
2012, Callahan et al. 2015).
To calculate FWS, the ArcGIS Raster Calculator tool was used to create a raster that
represented the product of the previously-generated Slope and Flow Accumulation layers. The
ArcGIS Zonal Statistics tools were then used twice; first on the Flow Accumulation layer to find
the total flow accumulation values for all the pixels in a catchment (the denominator of the FWS
equation), and then on the Calculated Product layer in order to sum the products of Slope and Flow
Accumulation for all the pixels in a catchment (the FWS numerator). These Flow Accumulation
values were added to the attribute table of the catchment file which was then run through the FWS
formula in order to create the final result of an FWS layer at the scale of a single Catchment. It
should be noted that the catchments used for the calculation were the smaller catchments generated
with the Polygon Processing tool, rather than the aggregated study area or major river watersheds.
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An illustration of the combination of layers used in the calculation process for FWS is
shown in Figure 2, and a more detailed representation of the processes used can be found in
Appendix A.

Figure 2. Flowchart of the Flow Weighted Slope Calculation Process
As a complement to the FWS, another topographically-influenced flow model was
calculated, called the Topographic Wetness Index (TWI, equation 2). TWI takes into consideration
the upstream water accumulation area contributing to a specific pixel and the slope at that pixel in
order to identify areas with higher probability of surface and shallow groundwater flow. The
calculation for TWI is:
TWI = ln (A/Tan β0)

[2]

where A is the area that contributes flow to a particular pixel, and Tan β 0 is the tangent of the slope
of the pixel being analyzed (Beven & Kirby 1979, Sørensen, Zinko, & Seibert 2006). It should be
noted that this metric has also been called Wetx and Compound Topographic Index (CTI) in some
publications; all three utilize the same formula to represent likelihood of water flow over
landscapes (Beven & Kirby 1979, Sørensen, Zinko, & Seibert 2006, Horvath et al. 2017).
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In order to create the final TWI layer, the TauDEM toolbox created by researchers at the
Utah State University (Tarboton & Utah State University 2015) was utilized. First, the previouslycreated Depression-less DEM and the Slope Layer were used as inputs to the D-Infinity Flow
Directions tool from the ArcHydro toolbox, which calculated a more slope-sensitive Flow
Direction than the one previously used in the FWS calculation. The flow direction of any given
raster pixel can be calculated in a number of different ways, but this portion of the study used the
D-Infinity calculation, an iterative process which guarantees that each flat pixel ultimately drains
to a lower elevation, eliminating the possibility of inconsistencies such as loops in the flow
direction angle. This allows the resulting layer to more closely mimic the topographic surface,
which was deemed necessary for the TWI calculation, as it runs pixel-by pixel rather than at a
catchment scale, and is therefore more susceptible to error (Tarboton 1997). Once the raster of
combined flow direction and slope was created, the D-Infinity Contributing Area tool of ArcHydro
was used to calculate a grid of pixel-specific catchment areas, which identifies the contributing
areas per unit contour length using the multiple flow direction D-infinity approach. Finally, a
Topographic Wetness Index for each pixel was calculated using the TWI tool from the TauDEM
suite with the previously created layers. The calculation process for TWI is summarized in Figure
3, and a more detailed representation of the processes and tools utilized to determine TWI can be
found in Appendix A. Through the combined utilization of FWS and TWI, the shallow subsurficial
flow of groundwater could be modelled and observed, allowing for the prediction of the locations
of groundwater discharging from shallow, unconfined aquifers.

16

Figure 3. Visual representation of the Topographic Wetness Index (TWI) Calculation Process.
In order to determine the location of groundwater discharging from deeper, more confined
aquifers, an understanding of the geology of the study area was needed. The need for geologic
information is one reason that the Kenai Lowlands were ideal for this analysis, as there exists a
public record of well logs complete with descriptions of soil formations encountered while drilling.
This allowed for a more thorough understanding of the local geology than is normally possible,
which was particularly important in the Kenai Lowlands, where there are two primary types of
groundwater: shallow-subsurficial water and deeper, aquifer-bound water. The shallow
groundwater flows through the region along the water table, acting as a subdued replica of the
surficial flow above it and expressing itself on hillslopes at inflection points along the slope
(Callahan et al. 2015). The aquifer-bound groundwater, however, tends to be more confined, only
expressing itself at the surface through pumping, or when hillslope erosion causes the aquifer to
be exposed at the surface. This means that knowledge of the geology of the region is vital to
accurately predict both types of groundwater discharge (Karlstrom 1964, Byrdsten 2006).
In order to locate the deeper, aquifer-based groundwater discharge, a model of the geologic
layers of the region was created using a file of well points in the region that was provided in
ArcGIS format by the Alaska Department of Natural Resources (Alaska Department of Natural
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Resources 2020). This data was a subset of information in the publicly-available Well Log
Tracking System (WELTS) maintained by the Alaska DNR. The full WELTS database contains
logged information, in the format shown in Figure 4, for each registered well such as the first and
last names of well owners, the name of the drilling company, and spatially-explicit geologic
information including the location, total depth, and the depth to and thicknesses of each geologic
layer encountered, all linked to a unique LogID. Thus, for each well in the well point file, it was
possible to search the WELTS website (Alaska Department of Natural Resources 2020) for
pertinent data that could be further processed and added to the well layer.

Figure 4. An example of a WELTS data log. Geologic data were extracted from well logs in order
to create a model of the water-bearing formations and their spatial distribution throughout the study
area.
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Using the WELTS data, each well location was assigned a RealDepth attribute (the
elevation in feet of the bottom of the well relative to sea level) determined from surface elevations,
calculated by extracting the raster values from the DEM at those points, and then subtracting the
depth of the well from the ground elevation at that point. Next, as illustrated in Figure 5A, the
depths in feet at which the drillers indicated encountering water, either by recording a flow rate or
by describing the encountered soil to be ‘moist’ or ‘wet,’ were entered as Water-Bearing
Formations (WBFs) in the attribute table for each individual well. (When the well logs indicated
encountering multiple water-bearing formations, the occurrence was noted by additional numbered
aquifer attributes (i.e. WBF1, WBF2). Additionally, both the first and last occurrence of the aquifer
noted in the well log are recorded, noted as the ‘top’ and ‘bottom’ of the aquifers, recorded in the
attributes as ‘T’ and ‘B’ (WBF1T and WBF1B, for example). Using these values as aquifer
locations and depths, the spatial extents of the formations throughout the study area were
estimated. This was done by first subtracting the depth of the top and bottom of each water-bearing
formation from the elevation of the surface at those points to obtain the elevation, in feet, of the
WBF boundaries above sea level. Those elevations were then projected outward as illustrated in
Figure 5B using the Inverse-Distance Weighting (IDW) ArcGIS tool.

Figure 5. Water Bearing Formation top and bottom depths in a well (blue vertical rectangle), such
as that illustrated in A, were laterally interpolated using an Inverse Distance Weighting algorithm
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for each well in the study area, as shown in B, in order to determine the areas where aquifers were
likely to be outcropping on the land surface.
The IDW algorithm creates estimated aquifer surfaces by applying the interpolation tool
on all WBF elevation values greater than zero using a variable search radius with a default of 12
points included in the interpolation process, and a user-specified maximum interpolation
horizontal distance (Figure 6A). This parameter must be large enough to be useful, but small
enough to keep different WBFs discrete. For this study, a distance of 10,000 ft (3,048 m) was
chosen based on field observations and has undergone initial field testing in the Anchor River
Watershed, but may be refined in the future. Some of these interpolated surfaces are shown in
Figure 6B.

Figure 6. The settings of the IDW calculation utilized in this study are shown in A. An example
of the result from a completed IDW process is shown in B, with the deepest sections of the aquifer
shown in green, and the shallowest sections shown in white/brown.
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In order to compensate for the fact that groundwater surfaces tend not to form as evenly as
an interpolation would represent, a user-specified 15 ft (4.57 m) vertical buffer, chosen after testing
multiple possible thresholds to determine which would most accurately reflect field observations
of the region’s aquifer, was applied to the calculated top and bottom surfaces of the aquifers to
ensure that the surfaces were being fully captured. These values now define the upper and lower
bounds of the water-bearing formation, or approximate aquifer. Areas where the buffered aquifer
surface intersected the ground surface (that is, aquifer outcrops) were considered locations where
seeps and springs (i.e., groundwater discharge) were likely to occur. Such outcrop locations, where
the interpolated aquifer expresses itself on a hillslope as illustrated in Figure 7, were found by
intersecting the aquifer boundaries with the DEM using the Raster Calculator tool (equations 3 &
4). Specifically, the DEM and buffered WBF upper and lower bounds were intersected as
described in the following equations:
(Water-Bearing Formation Top Elevation + 15 ft) > DEM Raster

[3]

DEM Raster> (Water-Bearing Formation Bottom Elevation – 15 ft)

[4]

Once these calculations were complete, the generated binary true/false rasters were set equal to
each other. The pixels that satisfy both equations are thus locations along the hillslope that reside
between the upper and lower bounds of the aquifer, and that indicate the likely surficial expression
of an aquifer. Contiguous pixels were used to create a map of the locations of the outcrops. This
Outcrop raster was then converted to polygons for ease of display and named ‘Aquifer Outcrops’
for simplicity. This novel methodology for predicting the deeper, aquifer-fed groundwater
discharge that occurs in the Kenai Lowlands represents a significant advance from previous
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discharge-locating methodologies. A visual flowchart representing the calculations and analyses
utilized in determining the Aquifer Outcrop layer can be found in Appendix A.

Figure 7. Conceptual model showing a projected aquifer intersecting a hillslope and resulting in
an outcrop, which inspired the aquifer-hillslope intersection GIS method used to create the Aquifer
Outcrop layer
Data Product Evaluation
Prior to this project, FWS and TWI calculations had been utilized within the study area for
groundwater analyses on hillslopes, but traditionally only at the hillslope scale within a single
catchment, not over a roughly 700 square mile region (Sørensen, Zinko, & Seibert 2006, Callahan
et al. 2015). Additionally, the previous primary uses of TWI and FWS were to indicate locations
along a stream correlated with a particular feature of interest, such as nitrogen content or overall
water chemistry, and not to remotely identify presumed groundwater discharge locations
(Sørensen, Zinko, & Seibert 2006, King et al. 2012, Walker et al. 2012). It is believed that this
project marks the first time that well data has been used to model the water-bearing formations
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throughout the Kenai Lowlands in order to predict groundwater discharge locations. At this time,
this approach has only been possible in the Kenai due to the number of well logs recorded and
made accessible as public data on the WELTS database, but the same techniques could be applied
to areas where sufficient well log or similar information is available.
Throughout the course of this study, many data products were created using the
methodologies previously described. This section discusses how the layers that were found to be
the most helpful for identifying groundwater discharge locations were used. The most important
layers are shown over the full extent of the study area in Figure 8. Figure 8A shows the generated
contour layer for the study area, with gray lines showing a 20 ft (6.09 m) contour. The eastern
portions of the area are steeper than the west and appear solid gray due to how closely clustered
the contour lines are. Figure 8B illustrates the drainage lines layer that was created for this study,
representing likely surface and shallow subsurface flowpaths that water draining out of the region
might follow in dark blue. Figure 8C contains the watershed boundaries of the streams observed
in this study. Figure 8D shows the generated Flow-Weighted Slope layer, which generally contains
lower values to the northwest, due to the relative smoothness of the land surface, transitioning to
higher values in the southeast, as a result of steeper slopes. Figure 8E contains the calculated
Topographic Wetness Index layer, which demonstrates the opposite trend of the FWS layer, with
higher values in the northwest, and lower in the southeast, due to the TWI equation placing slope
in the denominator. Figure 8F illustrates the generated Aquifer Outcrop layer, showing in purple
the locations where the water bearing formations are expected to be expressing themselves on the
land surface, with the lightest purple being the shallowest aquifer, and the darkest purple
representing the deepest.
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Figure 8. Primary generated layers for locating groundwater discharge, shown over the full extent
of the study area. The Figure represents the generated Contour layer, Drainage Lines layer,
Watersheds boundary layer, Flow Weighted Slope layer, Topographic Wetness Index layer, and
Aquifer Outcrop layer, from A-F, respectively.
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The first layer created for this project was a resampled 10x10 foot DEM showing all
elevation values above the estimated water level at the time of data collection. The estimated sea
level of the region was found to be 10 feet, so pixels with a value below that were excluded from
the DEM. Thus, pixels with an assigned value of 0 feet within the DEM are representing an
elevation value of 10. The derived DEM, on which many subsequent analyses were based, is shown
in Figure 9, with elevations above sea level throughout the Kenai Lowlands depicted. The lower
elevations found primarily on the western extent of the lowlands are represented with greens, light
blues, and yellows. The higher elevations are primarily found in the center and eastern extents of
the study area and are represented in browns and purples.
Once the DEM was generated, a contour map was created with an assigned contour interval
of 20 feet, as shown in at higher resolution in Figure 10 for a subset of the study area, so that the
individual contour lines can be better identified. Contours spanning the full extent of the study area
were shown previously in Figure 8A, in which the contour lines of the west are much farther apart
than those of the east, as the western portion of the peninsula has a much lower slope than the
eastern part of the Lowland. Due to the scale of the contour maps, some sections of the study area
may appear solidly colored, but this reflects that the contour lines are clustered so closely together
that they present as a filled area at the scale used.
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Figure 9. Derived Digital Elevation Model with 10x10 ft (3.04x3.04 m) pixels and 1 ft (0.304 m)
vertical resolution, representing the elevations within the study area watersheds above the
estimated water level at the time of collection.
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Figure 10. 20 ft (6.09 m) elevation contours zoomed in to the Happy River (northmost watershed)
and Stariski River (southern watershed) watersheds for readability. Each individual contour is
shown as a green line, with the contours starting in the west in general widely spaced, and
tightening towards the east, reflecting the trend of lower, flatter topography increasing to higher,
steeper slopes from west to east.
The derived DEM was also utilized to create a layer representing the flow paths of
hypothetical surface water or shallow-subsurface groundwater. These so-called drainage lines
graphically represent how water will flow through an area as a response to topography and gravity.
This provides an estimate of where water is located within an area. It is important to note that these
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paths are not necessarily locations of perennial streams, but simply paths water is likely to follow
when runoff occurs. This study defines a stream as having a flow accumulation greater than 2,000;
therefore, this layer may or may not accurately show all perennial streams – higher thresholds are
more likely to correspond with the perennial streams. The generated flowlines are shown as the
dark blues lines titled ‘Drainage Lines’ in Figure 11 and represent areas of high probability surface
or near-surface flow, rather than actual surface water features.

Figure 11. Surface and Subsurface Flowlines are shown in purple, subsequently called Drainage
Lines, zoomed in to the Happy River (northmost watershed) and Stariski River (southern
watershed) watersheds for readability.
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Figure 12 illustrates the difference between the generated Drainage Lines layer and the
National Hydrography Dataset (NHD) flowlines, showing the difference in drainage density
between the two (U.S. Geological Survey 2019). This difference between drainage lines and
existing water features can be seen in Figure 12, where the generated Drainage Lines layer and the
National Hydrography Dataset (NHD) flowlines (U.S. Geological Survey 2019) are shown side by
side. The flowlines from the NHD represent reach addresses for actual waterbodies, such as
industrial discharges, drinking water supplies, fish habitat areas, and wild and scenic rivers within
a region (U.S. Geological Survey 2019). This is different than the hypothetical drainage patterns
of the Drainage Lines layer. Rather than merely showing existing drainage/flow lines, the Drainage
Lines layer illustrates how water would flow off and over the land surface if there were a sufficient
amount of it. Because this better mimics the flow of shallow subsurface groundwater across a
region than the NHD data, calculating the Drainage Lines layer is an important step.
Utilizing the DEM and the Drainage Lines layer, the Watershed layer representing the
extent of the study area was created. This layer was shown previously in Figure 8C and represents
both the maximum extent of the study area, and also the individual watersheds of interest contained
within: from north to south, the Ninilchik, Deep, Happy, Stariski, and Anchor river watersheds. A
comparison of the generated Watersheds layer and the Watershed Boundary Dataset (WBD)
Hydrologic Unit (HUC) 12 and HUC10 layers is shown in Figure 13 (U.S. Geological Survey
2019). The Watershed Boundary Dataset is a complement of the NHD, and establishes a baseline
drainage boundary framework, accounting for all land and surface areas throughout the entirety of
the United States as a tool for water-resource management and planning activities. The WBD maps
hydrologic units at a series of resolutions, labeled from HUC2 through HUC16 with increasing
even numbers, with HUC2 representing the lowest-resolution units and HUC16 representing the
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finest, highest-resolution units (U.S. Geological Survey 2019). Only the HUC12 map covers the
full United States, and neither that, nor the other resolution maps, accurately represented the way
that the drainage lines generated for this study flowed throughout the region, leading to the decision
to use generated watersheds for the remainder of the study.

Figure 12. Generated Drainage Lines (left, in light blue) compared to National Hydrography
Dataset flowlines (right, in dark blue).
Once the watersheds data had been created, they were used as inputs to the Flow Weighted
Slope (FWS) layer, shown in Figure 14 for the same two watersheds (Happy and Stariski River)
as previously used. This layer shows the FWS values for each delineated catchment within the
study area. The lower values, represented with yellow and light orange, are concentrated in the
western portion of the lowlands where the slopes of the catchments are lower. Higher values are

30

represented with darker oranges and reds and are focused in the eastern, hillier portion of the
region.

Figure 13. Generated watersheds over the extent of the study area (center), compared to the
Watershed Boundary Dataset HUC10 (right) and HUC12 (left) watersheds. The HUC12 watershed
data layer has far more watersheds than were deemed possible to evaluate in this study, while the
HUC10 data layer failed to separate the Stariski and Happy Rivers watersheds, resulting in the
utilization of a generated watershed layer as most appropriate for this project.
In addition to the FWS layer, a Topographic Wetness Index (TWI) layer was created to
represent a proxy of topography’s effect on the flow of water. The zoomed-in TWI layer is shown
in Figure 15, with values represented in shades of blue and magenta. Higher TWI values are
represented in magenta, but tend to represent surficial or pooling water, not groundwater
flowpaths. In general, likely groundwater flowpaths were represented by dark blue pixels
indicative of TWI values closer to the median. Though the scale of the image does not show any
distinct flowpaths in the pixels, the magenta pixels are more prevalent in the western portion of
the lowlands, which are flatter and more conducive to pooling water, while light blue pixels
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representing low TWI are concentrated in the eastern portion of the region, where steeper slopes
would tend to prevent water from concentrating.

Figure 14. Flow Weighted Slope Values within the Happy and Stariski watersheds, with high
FWS in dark orange and red, and lower FWS values represented in light orange and yellow.
In order to represent the discharge of deeper, aquifer-fed groundwater, for which FWS and
TWI do not account, an additional layer of Aquifer Outcrops was created. Well logs provided a
rich set of data on aquifer presence, with many wells even having more than one water-bearing
formation encountered. This allowed multiple aquifers to be recorded, separated from shallower
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to deeper. The areas where those formations were calculated to intersect the surface are shown in
Figure 16, with darkening purples representing progressively deeper aquifers.

Figure 15. Topographic Wetness Index within the Happy and Stariski watersheds, with higher
values shown in magenta towards the west, reflecting flatter topography, and higher values shown
in light blue in the east representing steeper slopes.
Due to the fact that well logs are only available for a limited portion of the lower Kenai
Peninsula where wells have been dug and registered with the state, the database of well information
is incomplete. As a result, while purple areas in Figures 8F and 16 represent the presence of aquifer
locations, white areas should be interpreted as indeterminate rather than as representing an absence
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of aquifer outcrops. Analyses and field efforts were thus confined to the portion of the Kenai
Lowlands for which well data was available, in order to increase their accuracy. Figure 17
illustrates that the field locations researchers prioritized to visit and ground-truth (based on the
methodology described in the next section) were those within the areas covered by the aquifer
outcrops. This allowed for the field validation of the aquifer outcrop layer with 44 confirmed,
distinct, observations of groundwater discharge within roughly 100 feet of their predicted
location.

Figure 16. Locations of aquifer outcrops within the Happy (northmost watershed) and Stariski
River (southern watershed) watersheds, with the shallowest aquifer shown in light purple, and
deeper aquifers in subsequently darker shades of purple.
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Figure 17. Points representing areas visited in the field (green circles) to determine accuracy of
groundwater discharge predictions. These locations were chosen primarily due to ease of access
and presence of multiple potential discharge points in a close area.
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RESULTS
Data Product Application
Once the data layers had all been created, they were analyzed to determine which layers or
combination of layers would be most helpful for determining likely areas of groundwater
discharge. Different layers were found to be useful for locating differing types of groundwater
discharge, and certain layers were found to be more useful for prediction when used in conjunction
with others.
Two types of groundwater discharge are common to the Kenai Lowlands. The first of these
is shallow hillslope groundwater discharge, which occurs at inflection points along a hillslope as
shown in Figure 18. The second style of groundwater discharge is deeper aquifer-fed discharge,
seen in Figure 19, which occurs at aquifer outcrops on a hillslope.
Shallow hillslope groundwater (as was illustrated in Figure 18) discharges to the surface
from seeps and small springs, generally within weeks to months of the water entering the
subsurface, and often makes its way to streamside wetlands and streams. Aquifer-fed groundwater
discharge (as in Figure 19) occurs when deeper groundwater discharges to the surface, often from
springs along large terrace scarps and/or at the headward extent of gullies, years to decades after
entering the subsurface. The shallow hillslope discharge is more dependent on precipitation than
the deeper, aquifer-fed discharge, resulting in the hillslope discharge often appearing in seasonal
springs that flow in the wetter summer months but go dry in the winter, while the deeper aquiferfed springs tend to flow year-round.
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Figure 18. An example of shallow hillslope groundwater discharge in the headwaters of the South
Fork Anchor River, sketch by Conrad Field. Note that groundwater flows from the higher
elevations down the hillslope to the stream, either discharging into the stream itself or from the
shallow subsurface, rather than an aquifer unit, at the inflection point on the hillslope, where it
would express itself as a slow seep, before flowing over land into the stream.
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Figure 19. An example of WBF (or aquifer-fed) groundwater discharge on a large terrace scarp
along the mainstem of the South Fork Anchor River, sketch by Conrad Field. The aquifers in the
image are fed by water slowly infiltrating down into them from the higher elevations that collected
it as precipitation, before ultimately pushing the water to the location of lowest pressure within the
formation, often a discharge point. Note that instead of expressing itself on the land surface at
inflection points along the hillslope the way that the shallow subsurface groundwater did, the
aquifer-bound groundwater discharges at the outcrop locations along the hillslope.
When using the data products created in this study to predict groundwater discharge
locations, a combination of FWS and Drainage Lines was found to be most useful in locating
shallow hillslope discharge; a combination of TWI, Drainage Lines, Contours, and particularly the
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Aquifer Outcrops layer was more useful in locating deeper, aquifer-fed discharge. Utilizing both
methods allowed both categories of groundwater discharge to be accounted for and located
remotely. Ground truthing was performed during the field season in the summer of 2019 and found
both prediction methods to be accurate within tens of feet, indicating that the methods were
sufficient for locating groundwater discharge areas in the Kenai Lowlands, though that may not
apply to all other physiographic regions.
The first method, illustrated in Figure 20, involved examining the FWS for an area, as
shown in Figure 21A for the South Fork of the Anchor River, and making a note of locations
representative of hillslopes with likely groundwater discharge, determined by previous researchers
as being hillslopes with FWS values of greater than 6% (Bellino 2009, Callahan et al. 2015). Once
those hillslopes had been identified, the Drainage Line layer was projected atop the FWS layer, as
shown in Figure 21B. The combination of these two layers highlights the probable groundwaterbearing hillslopes that have flowlines originating within them. This allows an observer to easily
determine which hillslopes likely contain groundwater discharge. It should be noted that neither
the aquifer outcrop layer nor the contour layer is required for this observation: because the FWS
is a shallow groundwater metric it is unrelated to the aquifers within the region, and since FWS
inherently accounts for topography within the metric, the contour layer is superfluous.

Figure 20. Flowchart illustrating the evaluation process for locating likely shallow subsurface
groundwater discharge points.
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Figure 21. A: FWS of a headwater valley in the South Fork of the Anchor River. FWS is quantified
per catchment, with higher FWS values in red indicating the concentration of large volumes of
water with high enough slopes to drive that water downslope. B: FWS values overlaid with
Drainage Lines and field verification points.
In order to test the accuracy of the predictions made with this method, the research group
visited several foot-accessible sites located on public land. As shown in Figure 21B, the predicted
groundwater-bearing slopes consistently were found to contain groundwater discharge locations
near the head of the Drainage Line contained within that hillslope. This confirmed the accuracy of
this prediction method, summarized in Table 1.
To account for the deeper aquifer-based groundwater discharge throughout the study area,
the second prediction method was utilized, illustrated in Figure 22. This method used the Contour
layer to manually search for sharp breaks in slope—areas within a region where the slope of an
area goes from flat to steep to flat again within a short horizontal distance, like the Stariski Creek
location shown in Figure 23. Once a likely area has been located, the Drainage Lines layer is
projected atop the Contour layer. This highlights areas where the break in slope appears to be the
inception of a flowpath and indicates a potential groundwater source. Due to the large numbers of
potential discharge locations, sites near rivers were inferred to have the greatest environmental
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import and were prioritized for review and ground-truthing over discharge sources far from
streams or flowpaths. One such area is the Stariski Creek location, which as shown in Figure 24A
contains flowlines near the slope breaks that meet the criteria for further analysis.

Figure 22. Flowchart illustrating the evaluation process for locating likely deeper aquifer-based
groundwater discharge points.

A
C
B

Figure 23. Contour layer of the Stariski Creek, showing two flat terraces (A, B) located at the
bottom right and top left of the image, with sharp slope breaks (C) towards the stream in the center
of the image.
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Once a location near breaks in slope with drainage lines was located, the TWI raster was
superimposed on top of those layers, as shown in Figure 24B. In the TWI raster, purple pixels
represent surface water and locations where water is likely to pool, and dark blue pixels represent
areas through which water will flow. Dark blue pixels along the steep slopes on either side of the
stream valley indicate a strong likelihood that groundwater discharge occurs at these locations.
The Aquifer Outcrop layer was then applied to determine if any aquifer-fed discharge sites were
within the area. As shown in Figure 24C, the entire valley is comprised of a predicted aquifer
outcrop, as the water-bearing formation lies only a few feet below the surface on the terraces on
either side of the stream. The stream’s erosion has cut through the formation, exposing the aquifer
on the hillslopes. As expected, this geologic phenomenon, as shown in Figure 24D, resulted in a
number of very productive springs along the hillslope. Unfortunately, due to access issues, only
the discharge points near the road were visited to ground-truth.
Not all the deeper discharge locations are identified by terraces with slope breaks; linear
depressions are also often indicative of discharge. One such example of this is along Twitter Creek,
a headwater of the South Fork of the Anchor River. This location was identified by first applying
the Contour layer and looking for linear depressions shown by upward-facing incised valleys
within the contours, as these topographic features are often indicative of flowing water. The linear
depressions of Twitter Creek Farm are shown in Figure 25. Once review of the Contours had
established the possibility of groundwater discharge occurring on the hillslopes of Twitter Creek,
the Drainage Lines layer was overlaid above the contours. This establishes that the hillslopes were
sufficiently close to water and checks if the flowlines followed the flowpaths implied by the linear
depressions. As Figure 26A demonstrates, both of those questions were quickly answered in the
affirmative.
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Figure 24. Finding aquifer-based groundwater discharge. Part A shows the generated Contour
Layer with Drainage Lines, showing proximity of slope breaks to stream. Part B shows the TWI
raster of the Stariski Creek, with numerous flowpaths into the valley bottom in dark blue, and
surface water represented in purple. Part C shows the Aquifer Outcrop layer at the Stariski river,
with elevations below the intersection between the ground surface and the aquifer shaded in
lavender, indicating that the stream has cut down through a water-bearing formation, resulting in
the entire stream valley being an aquifer outcrop. Part D shows the groundwater discharge sites
visited during the field season and water sample locations as green points.
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Figure 25. The Contour lines of Twitter Creek Farm overlaid on top of an aerial image of the
location.
The TWI raster was then applied to the image in order to determine the hillslope origin of
the groundwater feeding the Drainage Lines. Figure 26B shows the TWI raster for Twitter Creek,
in which the flowlines are shown in the purple pixels representing surface water, and the
groundwater discharges feeding them are clearly shown upslope in the dark blue pixels that are
indicative of springs and seeps. Once the Twitter Creek hillslope was sufficiently identified as
likely to contain areas of groundwater discharge, the Aquifer Outcrop layer was applied to the map
in order to predict discharge locations. As shown in Figure 26C, the Aquifer Outcrops also follow
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the linear depression principle implying water flows. The points of intersection between the
Drainage Lines, TWI flowpaths, and Aquifer Outcrop incised valleys were determined to be the
most likely points of groundwater discharge. The research group tested this hypothesis at the only
accessible likely discharge location; results of this visit can be seen in Figure 26D, which shows
that groundwater discharge locations were found nearly exactly where predicted.

Figure 26. Identifying aquifer-based groundwater discharge based on Linear Depressions. Image
A shows Drainage Lines of Twitter Creek (light blue lines), which closely follow the incised
valleys shown in the Contours (grey lines). Image B shows the Topographic Wetness Index values
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of Twitter Creek Farm, with purple pixels representing likely surface water, and dark blue pixels
representing likely groundwater flowpaths. Image C shows the elevations below the intersection
between the Aquifer Outcrops layer and the ground surface represented in lavender occurring
along the Twitter Creek Farm hillslope, with linear depressions evident heading upslope. Part D
shows the observed Groundwater Discharge Points along the Twitter Creek Hillslopes, with the
two uppermost points representing wells.
An analysis of the ground-truthed points collected to verify the accuracy of the predictions
made using the geodatabase shows that the geodatabase accurately predicts the presence or absence
of groundwater discharge 92.5% of times. Additionally, the precision of the predictions made by
the geodatabase is also 92.5%. Due to extenuating circumstances, only a small number of groundtruthing points were collected, meaning that while the precision and accuracy of the predictions is
high, the calibration is not as thorough or rigorous as it could be with a larger set of ground-truthed
calibration points.
Table 1. Confusion Matrix of ground-truth points collected to verify the accuracy of the
geodatabase predictions.
n = 67

Predicted No

Predicted yes

Actual No

12

4

Actual Yes

1

50

In an effort to showcase the fact that even individuals who do not rely on well water are
still dependent on groundwater resources, the aquifer-fed discharge location method was applied
to the hillslopes immediately surrounding Homer’s Bridge Creek Reservoir, which resulted in the
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image shown in Figure 27. Due to access issues and time constraints it was not possible to visit
likely discharge locations, but samples were taken at the field point indicated on the image.
Analysis of this water provided a chemical signature that indicated the water in the reservoir was
comprised of roughly equal parts groundwater and precipitation. From that information and the
confluence of predictors shown within Figure 27, it is likely that nearly every hillslope upslope of
the Bridge Creek Reservoir contributes groundwater to it.

Figure 27. Homer Bridge Creek Reservoir, with surface water shown in purple/magenta, likely
groundwater inputs shown in dark blue pixels originating from the Aquifer Outcrop shown in
lavender, and the field point from which water composition was measured shown in red.
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DISCUSSION
Limitations and Future Work
There are several limitations to the approaches used in this project, the primary one being
the need for detailed geological data about the region to identify aquifer-fed groundwater
discharge. Not many regions have such data easily accessible, and this approach would be very
difficult to apply to areas without them. Even for cases in which detailed geologic data are
available, such as in this study, the spatial extent of the analysis can be severely limited if there is
not a sufficient distribution of data points to cover the entire study area in enough density to inform
the IDW algorithm used in creating the Aquifer Outcrop Layer. As a result, the generated Aquifer
Outcrop layer and all analyses utilizing it to locate deeper, aquifer-fed discharge are limited to the
specific areas of the Lowlands where there were a sufficient number of well logs. This meant that
even though the Kenai area had far more geologic data than most areas, a large portion of the
Lowlands still could not be analyzed using that method, limiting the analyzable study area to that
shown in Figure 28. COVID-19 travel restrictions created an additional limitation when the field
work planned for the summer of 2020 was cancelled. While a small set of field validation sites had
been visited previously as proof-of-concept, there was diminished ability to calibrate methodology
based on a full set of ground-truthed data points than was originally anticipated.
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Figure 28. Study area, shown in blue, within Kenai Lowlands sufficiently close to logged wells,
shown in maroon, to have Aquifer Outcrop data, and therefore the only areas with sufficiently
complete data to be analyzed using both methods considered in this study.
One possible approach to addressing to these limitations is to develop a machine-learning
algorithm that would use the ground-truthed data to inform a supervised classification scheme that
incorporates remotely-sensed imagery along with the data utilized in this study, including TWI,
FWS, and the Aquifer Outcrop layer to identify likely areas of groundwater discharge within the
subset of the region for which there is aquifer outcrop data. These locations would then be
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validated by ground-truthing and visual analysis. Once such an algorithm has been tested and
validated by comparing its predictions in the areas for which well data exists, the algorithm could
be used to predict groundwater discharge locations throughout the entire study area. A
representative portion of the predicted locations would be visited and ground-truthed to validate
the extended use of the model.
Not only would this approach solve the immediate problem of working with incomplete
geologic data for the Kenai Peninsula, but such a model could be used to create an algorithm that
predicts likely discharge locations over an entire region based on elevation-derived data layers and
easily obtained data such as reflective indices. This could substantially lower the data threshold
for analysis, allowing users to determine likely groundwater discharge locations based solely on
remotely sensed imagery, rather than requiring multiple individual datasets. While the current
approach could be used in any region where sufficient training points and data exist, an algorithm
capable of determining discharge locations based on a reduced amount of data would be more
widely applicable to other areas and regions, as long as the model is calibrated using the training
points to develop a classification scheme indicative of groundwater discharge for that region.
Utilizing machine learning can alleviate an additional limitation of the methodology
described herein. The analysis methods described currently require a significant time investment
from stakeholders, as the layers at each stage must be visually inspected by a trained user to locate
areas for further investigation. Training a computer to identify areas of interest at each step, thus
automating the process and removing the large user-input requirement, would be one of the desired
outcomes of future projects.
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The results of this study have been compiled into a geodatabase hosted by the KBNERR
to enable stakeholders and community residents to utilize the data to remotely locate groundwater
on their own. The geodatabase (called GISSprings) contains all of the data layers required for
either method of groundwater discharge locating, as well as a thorough documentation of the
methodology for applying both of them, as shown in Appendix B. The database will continue to
be expanded as more research is done in the area, allowing for more accurate and spatially
distributed predictions to be made, through a more interactive and easier-to-use interface.
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CONCLUSION
The methods of identifying likely areas of groundwater discharge to streams described in
this study will allow users to remotely predict areas where groundwater is likely to be discharging
near stream ecosystems. As groundwater contributions to streams have previously been found to
be vital to the health of salmon, an important resource to the people of the Kenai Lowlands, both
locals and researchers alike have a great interest in making sure that these contributions are not
negatively impacted (Beschta et al. 1987, Coutant 1999, Walker 2007, King et al. 2012, Callahan
et al. 2015). A reduction in groundwater to streams is of primary concern, which could easily be
caused by further pumping from wells as more people move to the area or by diverting the flow of
the groundwater through the building of roads and other infrastructure. Loss of groundwater could
have disastrous consequences for the flora and fauna within the stream ecosystem (Panda et al.
2007, Wagener et al. 2010, Rotiroti et al. 2019). This makes locating these areas of concern a vital
first step in order to best protect them. The results detailed in this report illustrate that the
techniques described herein show promise as effective tools with which to identify groundwater
discharge locations.
Changes in conditions such as reduction in precipitation due to climate change or increased
demand on groundwater due to increased settlement will exacerbate the vulnerability of
groundwater resources, underscoring the need for methodologies and capabilities to respond
(Smedt & Batelaan 2003, Ashraf et al. 2017). To illustrate, nearly every home visited during the
field season that was not within the city of Homer had their own independent well and was
pumping water from whichever water-bearing formation they were above. Because of this, if
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decreased precipitation as a predicted result of climate change decreases the amount of recharge
reaching the aquifer, or if an increase in population and therefore water use drains the aquifer,
groundwater discharge to the nearby streams is reduced, impairing not only the stream’s ability to
provide a suitable habitat for salmon but also the water available to residents of the area. This
importance of groundwater as a resource to the area makes its effective identification and
management a necessity for the communities within the Kenai area moving forward.
This methodology will allow land planners, resource managers, and developers to identify
areas worthy of protection due to their importance to the groundwater flowpaths and overall impact
upon the stream ecosystem. Additionally, the database created in this study will be hosted by the
KBNERR and made public to residents of the area, who will then be able to observe the
groundwater and surface water interactions near them. This data will allow them to make more
informed decisions about developments to their own properties. By creating a display of likely
groundwater discharge locations in the Kenai Lowlands, residents will have additional tools to
better understand the threat that those ecosystems face in relation to changes to the groundwater
flow regime. It is hoped that a furthered understanding of groundwater resources may encourage
residents of the Kenai area to make more environmentally-conscious personal decisions and to
support or at least be more accepting of environmental protections enacted by local government.
These protections will likely be vital to the sustainability of groundwater in the area, as
both climate change and increasing populations threaten the water supply of the area (Klein, Berg,
& Dial 2005). This is particularly true for the residents of the city of Homer, who generally do not
have their own wells for water but instead receive their water from a reservoir, and so are
precariously dependent on groundwater (as depicted previously in Figure 27). Preliminary work
suggests groundwater contributes roughly 50% of the water in the reservoir and, thus, is clearly an
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essential resource to the sustainability of the community. A better understanding of where and why
groundwater is discharging in the Kenai Lowlands is vital to the continued sustainability of the
communities that live there, be they human or salmonid.
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Appendix A: Layer Creation Workflows
The process diagrams below illustrate the workflows followed to create the data layers
used in this study. Rectangular items represent processes or manipulations, while ovals indicate
inputs and outputs. Figure A-1 shows how data provided as a 4x4 ft (1.2x1.2 m) DEM was
manipulated to provide the required topography-based data layers. Figure A-2 illustrates how
catchments in the study area were delineated. Figure A-3 depicts the calculation of FWS, while
the workflow used to calculate TWI is shown in Figure A-4. Figure A-5 provides and illustration
of the process used to generate the Aquifer Outcrop layers.

Figure A-1. Flowchart illustrating the process of creating the various topographically-derived data
layers.
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Figure A-2. Flowchart illustrating the process of creating the generated catchments within study
area.

Figure A-3. Flowchart illustrating the process of creating the Flow-Weighted Slope layer using
GIS processes.
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Figure A-4. Flowchart illustrating the process of creating the Topographic Wetness Index layer
using GIS processes.

Figure A-5. Flowchart illustrating the process of creating the Aquifer Outcrop layer using GIS
processes.
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Appendix B: User Guide
Instruction guide detailing the use of the compiled geodatabase provided to KBNERR.
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